Epigenetics is the study of the transmission of cell memory through mitosis or meiosis that is not based on the DNA sequence. At the molecular level the epigenetic memory of a cell is embedded in DNA methylation, histone post-translational modifications, RNA interference and histone isoform variation. There is a tight link between histone post-translational modifications (the histone code) and DNA methylation, as modifications of histones contribute to the establishment of DNA methylation patterns and vice versa. Interestingly, proteins have recently been identified that can simultaneously read both methylated DNA and the histone code. UHRF1 fulfills these requirements by having unique structural domains that allow concurrent recognition of histone modifications and methylated DNA. Herein, we review our current knowledge of UHRF1 and discuss how this protein ensures the link between histone marks and DNA methylation. Understanding the molecular functions of this protein may reveal the physiological relevance of the linkage between these layers of epigenetic marks.
What is epigenetics?
The term epigenetics derives from the Greek prefix "epi" which signifies "above" or "in addition to", associated to the word "genetics". The broadest definition of epigenetics is the study of the transmission and perpetuation of information through mitosis or meiosis that is not based on the DNA sequence. [1] [2] [3] In other words epigenetics corresponds to the study of inherited phenotypic variations that are not caused by variations in the DNA sequence.
2,3 At the molecular level, epigenetics includes the study of the gene expression regulation through DNA methylation, histone post-translational modifications and RNA interference. [3] [4] [5] [6] These layers of DNA modification result in a kind of sequence (an epigenomic sequence) that lies above the DNA substrate and is also inherited and susceptible to variation. The epigenome is the sum of both the chromatin structure and the DNA methylation patterns resulting from an interaction between the genome and the environment. 1 The genomic and epigenomic sequences, together, determine when genes are expressed and by how much and provide a form of cell memory for the maintenance of cellular functions.
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The Reasons Why the epigenetic Information must be Inherited and Replicated Except during development, when a cell divides, there is no other goal for the mother cell than to generate two identical cells, i.e. with the same cell phenotype, that are called the daughter cells. This is true in adults when differentiated cells need to proliferate following injury or renewal of specific cells, e.g. cells of the hematopoietic lineages, but during development this rule does not apply since early embryos can reset epigenetic marks. [8] [9] [10] The doubling of differentiated cells is ensured by the ability of the daughter cells to faithfully inherit the epigenetic code, i.e. DNA methylation patterns, histone code and histone variants at the right place, without any loss of epigenetic marks. 2, 11, 12 Cellular memories define both specific cell lineages and cell types in which epigenetic marks are varying, giving rise to an epigenome that is specific for each cell type. A recent study showed that the epigenomes of H1 (human embryonic stem cells) and IMR90 (fetal lung fibroblasts) are quite different in terms of DNA methylation with 82.7% and 67.7% of all CpG being methylated in H1 and IMR90 cells, respectively. 13 The cell phenotype results from gene expression patterns that are governed by epigenetic events. As a consequence, these epigenetic events must follow several rules. The first regards memory; an epigenetic template is copied in comparison with the DNA template. A second regards fidelity; information is transmitted to daughter cells without error or with silenced errors.
Duplication of the DnA Methylation patterns
DNA methylation patterns regulate tissue-specific expression of genes and chromatin state via different mechanisms dependent on the developmental stage of the cell. 5, [14] [15] [16] In differentiated cells, DNA is methylated only on cytosine that are 5' of guanines, i.e. in CpG dinucleotides. In stem cells methylated cytosine can also be found at CHG and CHH trinucleotides (H represents A, T or C). 13 In differentiated cells, DNA methylation is symmetric, i.e. occurs on both DNA strands; this represents the basis for mitotic duplication. In vertebrates, approximately 80% of all CpG dinucleotides are subject to methylation; exceptions are "CpG islands", which correspond to short regions of DNA with elevated density of CpG dinucleotides. That these CpG islands are often found at promoters has provided a possible etiology of cancer. 17 For example, promoters of tumor suppressor genes in cancer cells are frequently hypermethylated and transcriptionally silent with subsequent unpaired apoptosis. 17 Also, sites that vary normally in tissue differentiation are hot-spots of differential DNA methylation in cancer cells. These sites have been termed "CpG island shores" and have been found up to 2 kbp from the proximal promoter. It has been proposed that methylation of these shores is responsible for the expression of oncogenes and is consistent with an epigenetic progenitor model of cancer: epigenetic alterations affecting tissue-specific differentiation are the predominant mechanism by which epigenetic changes cause cancer.
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As with lower species the human set of DNA methyl transferases (DNMT1, and to a lesser extent DNMT3A and DNMT3B) likely catalyzes replication of the parental-strand pattern onto the newly synthesized strand via a semi-conservative mechanism. [19] [20] [21] [22] With only a few exceptions, 16 which will not be discussed here, DNA methylation is an irreversible process; once methylated, CpG dinucleotides are stable. If maintenance methylation is not conducted on the newlysynthesized strand, the methyl mark will be diluted in subsequent cycles of cell division. In differentiated cells, because both daughter DNA strands exhibit the same DNA methylation patterns after DNA duplication, DNA duplication likely acts in concert with maintenance DNA methylation. A major scientific challenge is to understand how epigenetic marks are propagated during cell division. Major breakthroughs have been achieved, especially regarding the role and mechanism of action of UHRF1 (Ubiquitin-like PHD RING Finger 1). Although containing multiple domains ( Fig. 1 ), UHRF1's singularity is conferred by its SRA domain, 23 ,24 a 150-170 amino-acid long domain characterized by the conservation of up to 13 evenly spaced glycine residues and a VRV(I/V)RG motif. UHRF1 exhibits affinity for hemi-methylated DNA through the SRA domain [25] [26] [27] [28] and is thought to be required by DNMT1 for proper localization. 25 To our knowledge the only human proteins known to have preference for hemi-methylated DNA on their own, are UHRF1 and DNMT1. [25] [26] [27] [28] UHRF1 interacts with DNMT1 (see Fig. 1 ), but the mechanism remains unclear. We have observed that the human SRA domain of UHRF1 interacts with a poorly-characterized region of DNMT1 encompassing AA215 to AA415 of DNMT1; 29 others found that the PHD or the UBL domain of mouse UHRF1 is involved in DNMT1 interaction. 25, 30 Three regions of DNMT1 have been shown to be implicated, namely amino-acid residues from 1-446, 1081-1408 25 and 401-615. 29 Although direct interaction of UHRF1 and DNMT1 is incontestable, the reason for these discrepancies is not yet clear. Species-specific differences might be one. The possibility that during the catalytic reaction of DNA methylation, UHRF1 and DNMT1 interacts with different domains, may be another one.
It was proposed that UHRF1 is a fidelity factor of DNMT1. The SRA-DNA interaction may serve as an anchor to keep UHRF1 at a hemi-methylated CpG site where it recruits DNMT1 for DNA methylation maintenance. 30 According to structures of the SRA-DNA complex, it seems unlikely that, in the presence of DNA bound UHRF1, DNMT1 catalyzes its reaction on the unmethylated target cytosine that is specifically recognized by the NRK finger of the SRA domain. An attractive model would have the UHRF1 to slide along the DNA in order to detect the hemimethylated CpG and once it had, a "message" would be transmitted to DNMT1 through a yet unidentified mechanism. Indeed, it has been suggested that UHRF1 might slide along the DNA, 28 and that this sliding is hindered by the base flipping mechanism mediated by the SRA domain. [26] [27] [28] Thus, when DNMT1 enters into action, UHRF1 has dissociated from its CpG site. Possibly, different sets of interactions between UHRF1 and DNMT1 come into play depending on who is bound to the hemimethylated CpG and would be consistent with studies showing different domains of DNMT1 associate with either PHD or SRA domains of UHRF1. 25, 29, 31 This hypothesis is compatible with the model proposed by Arita and co-workers. 26 It remains to be investigated what domains of UHRF1 and DNMT1 interact with each other in the presence or absence of hemi-methylated and fully methylated DNA.
Consistent with the "Epigenetic Code REplication Machinery" (ECREM) hypothesis, 4 which proposes the existence of a machinery that duplicates epigenetic marks, DNMT1 and UHRF1 could be localized in a single macro-molecular complex in a constitutive manner. Moreover, the fact that these two proteins readily co-immunoprecipitate 25,29 strongly suggests that DNMT1 and UHRF1 do not dissociate from each other during the catalytic cycle. We further believe that the UHRF1 and DNMT1 macro-molecular complex moves along DNA during epigenetic code replication at DNA replication forks. UHRF1 and DNMT1 likely use different interacting domains with each other and with other partners in a spatio-temporal fashion that may be determined by whether UHRF1 is anchored or not to a flipped methylated cytosine.
A Link between Histone H3 Methylation and cytosine Methylation, ensured by UHRF1, may be the Basis of the primary events for epigenetic code Replication
When compared with DNA methylation, much less is known regarding the replication and inheritance of histone post-translational modifications. At least 150 different modifications are known, the most being ensured by specific enzymes. 4 Of note not all modifications are conserved through mitosis. Inherited marks are special in that they require binding by specific proteins in a manner that is stable through mitosis, i.e. remain bound on mitotic chromosomes. Histone H3 methylation is one of those marks and because it is intimately related with DNA methylation will be the focus of this section.
DNA methylation and histone modifications act together to influence chromatin structure and gene expression. 30, [32] [33] [34] [35] [36] This synergy is most evident in gene silencing, which is associated with H3 hypoacetylation, H3K9 methylation, and DNA methylation. Kinetically, it was observed that these events occur in the listed order, 37 and that DNA methylation, being a late event, may serve to irrevocably silence genes.
38 UHRF1 has been implicated in all of these events 4,24,25,39-43 and likely coordinates a macro-molecular complex able to serially catalyze all of these events, i.e. histone deacetylation (via HDAC1), histone methylation (via G9) and DNA methylation (via DNMT1). A better understanding of the structure of this complex particularly in relation to the replication fork will help not only reveal mechanisms of epigenetic replication but also evaluate the current chronology model of epigenetic mark inheritance.
The importance of UHRF1 in coordinating H3 methylation and DNA methylation was most convincingly revealed recently by the serendipitous discovery of a cryptic Tandem Tudor Domain (TTD) in UHRF1 that specifically and tightly bind H3K9me2 or H3K9me3. 44 In one scenario, UHRF1 may be laying down DNA methylation only where histones are modified with H3K9me2/3. Thus, with TTD and SRA domains, UHRF1 guides its associated epigenetic enzymes to maintain a relationship between histone methylation and DNA methylation. A better understanding of the biological role and molecular functions of UHRF1 will reveal the details of the relationship between the histone code and DNA methylation.
A central question in the epigenetic field is: how are histone marks replicated? Recently, UHRF1 and G9a (a histone methyltransferase that catalyses the synthesis of di-and tri-methylated H3 at lysine 9) have been found in the same macro-molecular complex. 45 Perhaps, UHRF1 reads H3K9me2/3 in the parental histone molecule and recruits or directs G9a to write H3K9me2/3 in another, newly-deposited histone. This mechanism would be consistent with the basic features of replicative machinery, namely that they can read a specific code and can write that same code. Here, we propose a model in which UHRF1, localized at the interface of DNA and histones (Fig. 2) , senses the presence of hemi-methylated DNA and H3K9 methylation via the SRA and the TTD domains, respectively and signals its enzymatic partners such as DNMT1, HDAC1, and G9a to exert their catalytic activities on the newly synthesized DNA strand and on newly assembled histones. This model is the first to be proposed for the histone code replication and thus inheritance.
If the enzymes act on the same nucleosome that is being read, this would fit a semi-conservative model of the epigenetic code inheritance. 4 If the TTD and SRA domains bind their ligands simultaneously, this would suggest UHRF1 serves as a guide for G9a and DNMT1 to localize their targets at the same time. This is consistent with a report showing that G9a and DNMT1 are in the same complex. 46 Another intriguing question is what is the role of the ubiquitylation activity of UHRF1?
47 Does UHRF1 preferentially ubiquitylate histone H3 in its methylated form or unmethylated form? The answer to this question may reveal a link between histone ubiquitylation, DNA methylation and histone H3 methylation. An interesting analogy is that of NSPc1-mediated H2A ubiquitylation and DNA methylation, both being directed by EZH2 and are interdependent in longterm target gene silencing within cancer cells.
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In summary, we propose that a part of UHRF1 is working at the histone interface and that another part is working at the DNA interface (Fig. 2) , a model that would be compatible with a role at the replication fork. 
epigenetic code Inheritance by UHRF1: Always Faithful?
In lower organisms, where cell division occurs at a high rate and phenotypic variance is undetectable, duplication of the epigenetic code likely approaches perfection. In multicellular organisms, where a single pluripotent cell generates many cell types, the problem is much more complex. Development is, by definition, epigenetic.
16 Multicellular organisms have evolved to modify the epigenetic code (not the underlying DNA code) as the basis of cellular differentiation. Considering that changes in the DNA sequence can be ruled out, it is likely that during development, the epigenetic marks inherited by the daughter cells are not identical to those of the mother cells. It is likely that changes from one generation to the next are hardly perceptible but over a range of divisions becomes visible.
An intriguing possibility is that UHRF1 plays an important role in development to determine which loci will be maintained and inherited and which loci will not. With this power, UHRF1 may direct/control/ regulate development of multicellular organisms. Once differentiated, cells must maintain their specific epigenetic code; faithful maintenance of methylation patterns is then essential for their survival. Multifunctional UHRF1 in differentiated cells plays this critical maintenance role.
Interestingly, alteration of the epigenetic code is the basis of many diseases. For example, disruption of DNA methylation patterns in imprinted genes is linked to carcinogenesis. 49 Altered epigenetic mechanisms have been observed in neurological disorders such as Alzheimer's disease, Huntington's disease, Rett Syndrome, Fragile X syndrome, Rubinstein-Taybi Syndrome, in psychiatric disorders such as schizophrenia, addiction and depression and in disease susceptibility. 50 Among them, obesity, glucose intolerance and especially cancer are the most prominent.
Hemi-methylated CpG sites were seen in both carcinomas and controls but, importantly, in carcinoma DNA molecules, they were significantly more likely to occur in clusters displaying the same orientation (the same strand methylated). 51 A recent study suggests that hemimethylated CpG dyads are intermediates in active demethylation during carcinogenesis and not just due to a failure of maintenance methylation during replicative DNA synthesis. 51 However, considering that UHRF1 is able to sense the presence of hemi-methylated DNA and subsequently to recruit DNMT1, [25] [26] [27] [28] it is surprising to observe that hemi-methylated DNA sites persist in cells considering that: (i) UHRF1 is supposed to detect them with subsequent recruitment of DNMT1; (ii) UHRF1 greatly increases the preference of DNMT1 for hemimethylated DNA and reconciles the faithful transmission of genomic methylation patterns with a small (5-to 30-fold) inherent preference of DNMT1 for hemimethylated DNA; (iii) UHRF1 and DNMT1 are overexpressed in cancer cells, which should reduce the number of hemi-methylated CpG sites. One interesting track is that in cancer cells, altered interactions of UHRF1 and DNMT1 have been observed. 52 Indeed, in this study the authors have observed less UHRF1/ DNMT1 complexes in cancer cells when compared with non-cancerous cells which could be a plausible mechanism to explain the hypo-methylation status of cancer cells. However, this remains to be confirmed. Consequently, it is possible that the epigenetic code transmission governed by UHRF1 is likely to be unfaithful during pathogenesis. In the same order, it would be interesting to investigate whether altered interactions occur between UHRF1 and histone modifying enzymes, such as G9a and HDAC1. However, so far to our knowledge no alteration in the H3K9 methylation inheritance has yet been reported in cancer cells.
concluding Remarks
UHRF1 behaves as an epigenetic integration platform involved in the cross-talk between H3K9 methylation and DNA methylation as suggested previously and now confirmed by our recent studies. 20, [24] [25] [26] [27] [28] [29] [30] 44 Considering that UHRF1 is able to detect hemi-methylated DNA and hypothetically hemi-methylated histone H3 (i.e. only one histone monomer is methylated), and that UHRF1 recruits and/or interacts with the DNA and histone methylation enzymes, undoubtedly UHRF1 plays a key role in the epigenetic code inheritance. Hence, we propose that UHRF1 is in a spatio-temporal way the first intervening protein to read and to induce the epigenetic code duplication. 
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